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1, INTROCUCTION

The purpose of this trade study is to provide maintainability input
to the reference-engine definition. Although the maintainability program
will continue for the duration of engine development, the ecffort under
Trade Study 1003 was limited to support of engine defi itiun during the

second quarter of Contract Year 1970.

The space maintenance system, when selected ard defined, will affect
the cost of component maintenance, and will have a major ecffect as to which
level of assembly (stage, engine, component, or part) replacement maintenance
capability should be provided from an overall program cost standpoint. To
partially compensate for the curreat lack of knowledge as to how the NERVA
engine will be maintained in space, feasibility concepts of potential space
maintenance methods were examined, and effects on engine dasign were
evaluated and provided for when maintainability obviously benefited without

severe detrimental effects on weight, reiiability, or cost.

Future maintainability design changes resulting from additional

knowledge gained as the program matures should be relatively minor.
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II. OBINCTIVE
A. GENERAL

Provide malintainability input to reference-engine definition by
February 16 1970.

B.  DETAIL

1. Deteraine from a cost-effectiveness standpoint whether or not
the engine should be replaceable on the nuclear ferry vehicle and whether
or not the lower engine nodule (consisting of the pressure vessel, reactor,

nozzle assembly, ond skirt) should be replaceable on the engine.

2, Deternine which components should be maintained and the
degree to which corponents should be modularized.

3. Provide maintainability guidelines for engine and component
configuration that will optimize maintainability with other engine parameters
within the constraints of schedule and available data.



I[II. SUNMCWRIZED RESULTS AND CONCLUSIONS

A, The current engine design should provide for replacing all valves,

actuators, and turbomachinery through maintenance actions.

B. To simplify replacemerntc operations and reduce the number of joints

and connections components are to be integrated into related modules.

C. The capability to replace the engine on the vehicle in space
appears to be the most important maintenance capability to be provided
because the resulting extension of the nuclear ferry life affords significant
opportunities for reducing program costs. If the vehicle concept wherein
propellant tanks delivered to orbit by the Earth Orbit Shuttle are then
combined into a module of tanks that become part of the nuclear ferry is
chosen, a type of engine installation on the ferry would be required after
each migsion. It may also prove more cost effective to change engines to
accomrodate the different shielding requirements of manned or unmanned
missions than by modifying the shield configuration of an engine mounted
on the vehicle.

The capability to replace the engine must be accounted for in
designing the engine-vehicle interface and must be provided for in the
space support equipment and facilities., Major cost expenditures would be
justifiad to achieve fast, simple engine replacement, Detalled design
of the engine-vehicle interface need not be shown on the current reference
engine, but the requirements must be recognized and, early in the program,
total coordination of this design with the space equipment and facilities
be effected, The engine probably should be replaced on the vehicle
remotely. Engineering evaluation is required to determine what capability
should be provided by the vehicle and what should be provided by external

space support equipment,

D. It is not cost effective to maintain the engine to provide an

.“
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extended liie by replacing a nedile containing the reactor on the rest

of the engine, as the program hardware cost reduction does not appear to

exceed the cost of providing this maintenance capability. A special separation
plane dividing the engine into an upper and lower engine module should not be

provided in current engine design.

E, laintainability guidelines for engine and coxzponent configuration
design were dcveloped by considering nuclear engine maintenance during
ground testing, maintenance on the launch pad, and maintenance in space. These

guidelines emphasize easy replacemert of components and are listed as follows:

1. Arrange components, piping, electrical harnesses and

structures to provide more than normal accessibility.

2. Avoid loose parts during replacement actfvities by designing

S0 parts are captive to the item being removed.

3. Provide for simplicity of motions and attachments in
designing replacement capability. For example, ugse single axis motion to

separate and install items.
4, Xeep separation and replacement loads as low as practical,
5. Where possible, avoid a requirement for special equipment
or tools and minimize through standardization the number of different tools

required to accomplish maintenance operations.

6. Minimize the disturbance of parts or components that are

not being replaced.

7. Design for maintenance actions in space should consider
the problem of excessive shock loads that could result from the initial



impact of floating masses as replacement {tems are brought to the next
assembly for installation. Provisions must be made to avoid contact at

an angle or contact at significant velocity.

8. When practical, iucorporate methods of easuring precise
alignment into the design of mating parts. Yor replacing the engine in
space a method such as cascaded guide pins will be required to effect gross,
close, and precise aligument as the engine is brought to the vehicle

for installation.
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Iv. TECUNICAL DISCUSSION

A. PRELIMINARY MAINTAINABILITY (M) REQUIREMENTS

The maintainability requircments that were used as the basis
for this study are those defined in the NERVA Program Requirements Document
(NPRD), Release No. 6 dated 21 November 1969, and those transmitted by
Technical Directive 70-15. The maintainability requirements specified in
the NPRD are quoted as follows:

(a) The engine shall be designed and constructed to meet
the following requirements:

(1) A1l mission-critical components external to the
reactor pressure vessel and nozzle will be maintainable by repair, replace-
ment or substitution (switching or redundancy) before and after operations.
Trade studies will be conducted to investigate: (a) the extent to which
modular versus individual-component designs affect reliability, maintain-
ability and performance (including weight); and, (b) the extent to which
remote or direct mairtainability will be employed.

(2) Such maintenance will be achievable during non-
operating periods in the mission,

(3) A1 mission-critical components will be capable of
functional and electrical checks remotely after engine assembly or engine
maintenance.

(4) 1t will be possible to purge the engine by an
external source of inert gas prior to ground operation or launch,

(5) The engine will ve remotely installed and removed
from engine test facilities.

B TPRGTIPT TP



(€) After space onarations, (manual) maintenance will not
be required in excessive radiation environments,

(7) For the storage neriods, previously specified, no
pericdic routine engine maintenance will be required.

(b) Trade-off studies, concurred in by SNPO, will detarmine
the advisability of designing and constructing the engine such that it is
replaceable on the stage; or that the reactor/prassure-vessel/nozzle assembly
is replaceable on the engine. The Trade-off studies shall also address
themselves to the question of disposal of these assemblies.

(c) A maintenance program and program plan shall be provided
in accordance with AFSCM 310-~1 and AFLCM 310-1. This program and plan
shall also be in accordance with the following sactinns of this NPRD:

(1) Paga 18, Section (3) and Page 19, Section (4):
diagnastic instrumentation for failure detection and display of information
in-flight:

(2) Page 21, Section (1): trend-data program; and

(3) Page 22, Section (2): certification of deliverable
hardware.

The plan shall consider, in addition, the logistical
requirements of engine maintenance in earth orbit or elsewhere in space.

(d) Utilization of maintainability concepts may be necessary
to achieve the required reliability over the endurance stated in
Section III1.B.1.b. However, maintainability will not be used as a substitute
for reliable design. The maintainability program will be developed to

i
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extend the results of the reliability design process described in
Section II1.83.8 to aid, where necessary, in achieving the reliability
requirenenc,

Technical Directive 70-15 augments and supplements these [IPRD
requirenents, and these two documents establish the maintainability requive-~

ments for this trade study.

B.  {AINTENANCE CONSIDERATIONS

Concepts for maintaining the NFRVA engine during ground testing,
on the launch pad, and during the operational phase [ 1 gpace have been
2xanined from a feasibility standpoint to identify design requirements
that sheould be included as part of the rveference engine. llaintenance
experience applicable to ground-testing the NERVA engine was acquired
during the technology test program, and test-site maintenance facilities,
equipument, and technical capability were proven at the Nuclear Rocket
Developzent Station in Nevada. Extensive maintenance experience applicable
to NERVA launch-pad operations has been acquired on liquid and solid rocket
engines prior to launch at Cape Kennedy and Vandenborg, AFB,

The NERVA engine on the launch pad will not have been operated
at any appreciable power; consequently, without the accompanying radiation
environment, all rocket launch experience becomes applicable. Little or
no experience is available that is applicable to malintaining a nuclear
rocket engine in the radiocactive, hard-vacuum, weightless environment
of space; and because space miaintenance methods may require additional
consideration that could affect early design of the engine, this study

will mainly concentrate in this area.

1. Maintenance in Space

a. Introduction

.



Methods for maintaining a nuclear engine in space have
a0t vet been established, and the ccncepts are in their infancy. Maony
studies of numerous alternatives nust be completed before a space
maintenance system is sufficiently defined to optimize an engine configuration
for maiucenance with that system., The main questioas affecting engine
design to be resolved as the engine and its pote-itial space maintenance
capability are defined are (1) what to maintain in space on the basis of
a reasonable determination of the overall costs vs overall benefit (cost
reduction) for providing a maintenance capability at a specific lavel
of the assembly and (2) how to perform maini:nance in space on the basis
of a determination of the extent to which remote or direct mainteaance
will be employed., Partial answers to thesn questions have been determined
by a simplified cost logic together with a feasibility examination of

space maintenznce concepts to define desirable engine design features.
b. What to {aintain
For determining what to maintain, the decision
whether or not to provide replacement maintenance capability must be considered

at each of the following levels of assembly:!

Level of Assenmbly

Level 1 Nuclear vehicle

Level 2 NERVA engine i
Level 3 Module of engine components %
Level 4 Engine component '

Level 5 Engine component part

o
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To redxlace at one of the above listed levels of assendly
censtitutes a repair of all the higher levels. Also to replace at a glven
level does not elinminate the option of subsequent repair and retumn to

service of that iten,

The cost of in snace maintenance capability will be high
and cost considev.itions will determine the level of assembly at which
replacement czrability will be provided. Replacemant is =made at a specific
level of assexbly to extend the life of the higher-levcl assemblies and to
reduce progran aardware cost. Providing replacement capability at a level
of assenhly is justified when the total cost of the capability is less

than the reducticon in hardware costs,

Bardware costs with and without replacement maintenance
capability are cenveniently compared on the basis of hardware costs per
mission. A rcduction in hardware cost per mission due to replacement
capability can be nutliplied by the number of missions in che program to
deternine the maximum amount that should be spent to provide the replace-
ment capability. The hardware costs per mission depend on the cost of
hardvare delivered to space and the expected average number of missions
(N) that may be accomplished while operating at a required level of
reliability. The term mission, as used here, represents an average of the
nuclear shuttle missions in such terms as powver cycles, bum times,
duration, and months in space. For the purpose of this study, the 10-hr
duration requircment for the engine expressed in the NERVA Program

Requirements Document is expressed in number of missions as follows:
The 10-hr engine duration is equivalent to ten missions
(1 hour = 1 mission), The operational engine in space will be utilized

approximately one mission per month.

A formula for determining hardware costs per mission
through the 4th level of assembly is shown in Figure 1. The 4th level

10
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iavolves missinn critical comonents and the formula may be cxpanded to
cover the 5th or S5th lovel of assembly if desived. This formula is analyvzed

as follows:
(1) &nalvsis of the formula

(a) lusber of Spare Items

INHigher Assemblz'-) is common to
NIten

The factor

all terms but the top level of assembly. NItem and Nuigher Assembly are

the expected mean nurber of missions of the item or the higher assembly
respectively, that will be accomplished while operating at the required
reliability before replacement mainterance is required. The factor represents
the number of spare items required if the item is to be replaced through
maintenance actions to increase the mean life of the higher assembly. As

the higher assembly always includes the item, the number of spares is

equal to the total number of items needed, Nﬂigher Assemblv, less one.

NItem

.

/
The total number of items required :N

Higher Asse:b;xjmust be a whole number,
NItem !

If x:\'ext assembly Is equal to NItem the factor

N

i Next Assembly ~1N becomes 0 and the term drops out of the equarion. Also
‘NItem

if NItem is greater than N:\’ext Assenbly, the factor becomes a negative

fraction indicating the value of the unused life in the original item when
the life of the next assembly expires. This situation is similar to that
for the 1life left in a fuel puxp or radio when the life of an automobile
has expired. Since any new higher-level agsembly will contain new lower-
level assembly items, it is assumed that there will not be recoverable

value in the remaining cperational life of component parts after the life

12



of the higher-level assembly expires. Therefore, when the factor is
equal to 0 or a negative fraction, the cost of spare parts will be

considered equal to 0 and the term will drop out of the equation,

NOTE

Without maintenance action, M for higher assemblies can never be

greater than for any one of its component parts.*

In contrast, N for a higher assembly may be increased through
the maintenance action of replacing mission-limiting items at any lower
asseutly level.

All terns drop out of the equation except the first term and the
terms for items that will be replaced to extend the life of higher
assemblies.

* Radundant component parts are considered as one item in this statemsnt.

13
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(b) Reliability, Mean Time Betwezen Failure (MIBF),
and Mean Time Between Mainteance (MTBM)

Table 1 provides a preliminary listing of
reliability and mean-time-between-failure data (Reference 9, Table 2). A mean-
time-botween-failures (MTBF), based on raudom distribution of failures, is
shown both as predicted for the current state-of-the-art and as projected to
the time when reliability goals are attained. MTBF based upon random distri-
bution of failures (constant failure rate per unit time or per mission) cannot
be used to schedule preventive maintenance because the probability for success
per unit time or per mission does not diminish with time, and nothing is gained
by replacing unfailed items. The items which exhibit random failure rates
nust be designed for the projected mean-time-between-failures shown in Table 1
where the probability of failure is acceptable or in single or multiple
redundant groupings which provide an acceptable probability of failure.
Corrective maintenance may be performed on failed redundant items prior to
the next mission. However many components will have a lower true MIBF (not
shown in the table) because of the effects of wear. These components will
have to be identified and their true MTBFs will have to be determined. Trend
data on these components as determined during the test phase will establish
their true MIBF. On the basis of these data, the requirement for preventive
maintenance of the item will be established by one of two methods. In the first
method, diagnostic instrumgntation will be selected and used during the opera-
tional phase to monitor wear and predict when maintenance must be accomplished.
By this means replacement is cffected only after the component has bcon
used to maximum life conditions. In the sccond method, where it is nst
practical to monitor wear, statistical veplacewent may be scheduled at the
small fraction of the wear out life which is consistent with the
veliability raquivements. In either case the value of N in the formula
would be the mean number of missions betvoen replacerent maintonance. For
exanple, the nuclear subsystem has been tested during the technology
program. One unit was tested for a l-hr duration, and othar units were
tested for shorter duratfons. For exawple purposes, sssume that current

14
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state-of-the~art predictions would place HMIBF due to wear out of this
subsystem in the neighborhood of 3 to 5 hours. The projected NHTBF for

the 1SS during the orerational phase might still be 3 to 5 hours or night

be 10 or 20 or more hours if a major breakthrough is possible and if the

cost of this breakthrough is cost effective and within the funding
constraints. In subsequent paragraphs, where this forrwula is applied to
establish the lowest level of assembly that should be provided with
replacenent capability, it was assumed that the fean Time Between Maintenance

() was 10 missions for this subsystenm,
(c) Redundancy and Mean Time Between Maintenance

Redundancy is used to increase the reliability of a
compenent or system., This occurs when the redundant ccmponent is brought
on stream with the failure of the original component (passive or standby %
redundancy) or when both components are on stream at all times and it takes
a failura in hoth components to abort the component operation (active
redundancy). Redundancy 1is being applied to the majority of components on
the NERVA engine that are not part of the basic structure or the pressure
vessel and nozzle, This redundancy is highly effective by increasing the
probability that the engine could complete efither a singla mission or a
group of missions without mission failure. However, if it is defined that the
failure of one component of a redundant pair of components represents a
system failure that requires corrective maintenance prior to the start
of the next mission, the probability for completing the 10-hour engine life
without maintenance is actually less than for the case where a single
non-redundant component is utilized. This causes a corresponding reduction
in MTBM (N).

(2) Application of the Hardwara Cost Formula
When the mean time betwaen replacement, expressed as

N in tha cost formula, is established for each component and the total cost
for various maintenanca capabilities in space is estimatad with some degree

17
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of accuracy, it will be possible to estimate the cost effectiveness of
maintenance at each level of assembly. lowever, with curreat knowledge

and utilization of the logic contained in the preceding paragraphs, it is
possible to make some assumptions and determine how much might be spent

for maintenance capability - or for design breakthrough - and still be

cost effective, The operational-hardware cost-per-mission forrula (Figure 1)
provides a method of determining the cost effectiveress in deciding

whether or not to provide replacement maintenance capability for an item

at a specific level of assembly, The reduction in hardware costs per
mission can be determined by comparing the alternative of providing
replacenent capability with the alternative of not providing replacement
capability. The reduction in cost per mission multiplied by the number

of program missions determines the program hardwvare cost raduction resulting
from that specific maintenance action. After a portion of this amourt is
used to provide the replacement capability, the remainder represents
program savings; or, as program savings approach zero, the amount represents
the maxinum total cost for the maintenance capability that remains cost
effective. The formula may be used to answer the following types of

questions.
Question 1 What is the program operational-hardware cost without maintenance?

Ansver Without maintenance, all terms except the first drop out,

Program hardware cost = number of missions X'Cosc of vehicle in space) .
.\ N
v

Question 2 VWhat is the program operational-hardware cost if capability is
provided for replacing the engine on the nuclear ferry in space and this
capability extendg the life of the vehicle from Nv , (unmaintained) to NV
(maintained)? 1 2

18
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Answer Program hardware cost = N ;
V 3
cost of vehicle cost of engine 2 ;
number of missions X NV + N N.. - 111 !
\Z E ;
2 2 i
Question 3 What maximum cost-effective amount could be spent as the
total cost for providing this engine replacement capabilitv?
Answer tnswer to question 1 less answer to question 2; and, since
Nv (unmaintained) is equal to or less than NE’ the program hardware cost
1 /’ .
reduction = number of missions X cost of VEhLC;: = cost of engine N 2 -1 ),
2 E '
Question & What additional maximum cost-effective amount could be sent

as the total cost for providing replacement capability for the engine's life-

constraining component (mean time between replacement = Nc) if this extends

the life of the engine from N, (unmaintained) < N, to N (maintained) > N, ?

2 2
Answer Program hardware cost reduction =
N
Cost of engine ~ cost of component v2
number of missions X N - 11l
Nv c

2 ;
The cost formula (Figure 1) was used as expressed above for the cost

evaluation of four alternative space maintenance concepts to determine what

19



should be maintained in space. These four concepts are shown and defined
in Figure 2. Tables 2, 3, and &4 present the data and source of data used
in applying the formula. The ccst data are summarized in Table 5, and

the tour concepts are compared and discussed in the following paragravhs,

For the reference case, Concept 1, it is 2ssumed that the nuclear
ferry has a 10-nmission life and is not maintained. The assumed 500-
mission program utilizes 50 nuclear ferries, Hardware cost for the program
is $9,000,000,000.

For Concept 2, it is assumed that, for =2u uuspecifiad additional cost
for the capability, a 10-mission-life engiune may be replaced on the nuclear
ferry vehicle and, with vehicle maintenance, the nuclear ferry life may
be extended to 20 missions. Thus, 25 nuclear ferries including engines
with 25 spare engines can accomplish the 500-mission program. Compared
with Concept 1, the program hardware cost reduction from Table 5 is
$4,157,000,000, This is the maxirmum additional cost for obtaining this
capability that will result in a savings to the overall program., Table 6
presents similar breakeven costs for the additional capability when successive
engine replacements are made to extend the nuclear ferry life beyond 20
missjons, From the engine standpoint, this is an extension of Concept 2
with no additional effect on engine design, but it indicates an area for
worthwhile investigation for programmatic savings.

For Concept 3, it 1s assumed that, for an unspecified additional
cost for the capabillty. a 10-mission-life lower engine module consisting
of the nuclear subsystem, nozzle and nozzle extension may be replaced on
the engine and, with maintenance, the engine and vehicle life may be extended
to 20 misgions. Thus, 25 nuclear ferries iicluding the engine and 25 spare
lower engine madules consisting of the praessure vessel, reactor, nozzle
assembly, and nozzle-skirt extension would be utilized to accomplish the
500 missions, Again from Table 5, the reduction in program hardware costs
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Reference
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Reference

Reference

Reference

Reference

Reference
Attached
Appendix A

(1)

(2)

(3)

(4)

(5)

(6)

)

(8)

(9)

(10)

(11)

REFERENCES USED AS SOURCE OF DATA

NERVA Program Requirements Document
Technical Directive 70-15

Letter SDB;JJF, R. W. Schroeder to A. L. Feldman, Subject
"Answers to AGC;s Maintainability Questions', dated
November 28, 1969

Letter SI-1063, A, C. Sanderson to J. L. Dooling, Subject
"WANL Input to AGC Trade Study 1003" dated December 11, 1969

Hardware Unit Cost Developed for RN-DR-0188, Entitled "Cost
Data on Long-Range Program Plan for Full-Flow Engine' dated
December 1969 (Costs arc based on curreant ’abor and material
rates)

S047-CP090290~Fi Mass Properties Analysis Report, Dated
2 February 1970

Memo 7830:5159, T. E. Lavenda to Distribucion, Subject
"Prel.minary Nuclear Vehicle Performance Estimate for Mission A,
Reusable Interorbit Ferry (Hydrogen Capacity 300,000 1lb),

Dated 6 November 1969

Review of NERVA Radiation and Shielding Studies, Briefing for
Dr. Wernher VonBraun and Dr, Edward Teller, Dated 20 Sept 1969

Memo E. J. West to R. W. Froelich, 7850:M0497, dated 16 March 1970,
Subject: Reliability Apportionment of Current Reference-
Engine Concept

Memo 7410:0002, R. L.Rishel to J. J. Stewart, dtd 18 December
1969, Subject: Payload Sensitivity Factors for NERVA Reference
Missions

Memo 7831:6246M, J. C. Courtney to W. E. Stephens/A. D. Cornell, dtd

25 March 1970, Subject: Estimate of Post-Shutdown NERVA Radiation
Environment
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2
TABLE 3
ENGINE COST & WETICGHT DATA
LrEN . cosT VEIGHT, 1b
cost of Lower Engine Module
Reactor & Tontrol-Drun Actuators 37,293,000§;; 13,61023;
Nozzle and Skirt 603,000(2) l,(J&B(j)
N~zzle-Skirt Extcnsion 112,000(2) 600(3)
Pressure Vessel and Closure 74,000 _11122(3\
¥8,082,000 7,398
Cost of Upper Engine Hodule
Support-Structure Ceolant $ 248,&002;’
Prepellant Feed System 1,298,000(2;
Stage Pressurization Valves 21,600(2
Thrust Structure 205,700(23
$2,022,000 8,356
External Disk Shield $ 57,100(2) 10,000(3)
NERVA Engine $10,160,000(? 35,754 (3
(1) Reference No. 4 (The cost of the reactor used here does not include
reactor assembly and iunspection costs.)
(2) Refercnce No. 5 .
(3) Reference No. 6 ;
]
1

3
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TABLE 4 Page 1 of 2

COUKCE OF DATA USED TO
COMPARE SPACE MATNTENANCE CCONCEPTS 1, 2, 3, & &

ITEM VALUE SOURCE

Nuclear Yehicle Usage Information

Cperational Phase 19830 through 1995 Ref. 3
Number in space at given time 1980-1984 3 ¥ix, | wmin Ref. 3
1935-1989 6 rax, 3 min Ref. 3
1999-1995 10 rax, 5 min Ref. 3
Nurber of engines consumed 1980-1995 66 max, 33 min Ref. 3
Number of missions 1950-1935 500 Assumed
(Based upon assumed 50 engines consumed @ 10 nissions pec engine)
Individual engine operational usage 1 hour/month Ref. 3

Nuclear Vehkicle Data

Cost of delivery to earth orbit $150,000,000 Ref. 3
Cost on earth (including engine) $ 30,000,000 Assumed
Cost in earth orbit $180,000,000 Derived
Reliability for 10 missions .990 at 907% prob. Assumed
Payload outward bound 141,500 1b Ref. 7
Hydrogen Capacity (total loaded) 300,000 1b. Ref. 7
Payload outward bound cost of delivery $500/1b Ref. 3

Earth-to-Earth-Crbit Shuttle Data

Payload weight 50,000 1b Ref. 3
Payload envelope 15 fc ?i? x 60 fr long Ref. 3
Payload cost of delivery $100/1b Ref. 3

NERVA Engine Data

Reliability <995 at 90% Prob. Ref. 1

Cost on Earth $10,160,000 Table 2
Weight (including external disk shield) 35,754 1b Table 2
Delivery cost to earth crbit $3,570,000 Derived
Cost in earth orbit $13,735,000 Derived

’

Lower Engine Module (consisting of pressure vessel, reactor, nozzle assembly and
nozzle skirt extensior)

Cost on earth $8,062,000 Table 2
Weight -17,398 1b Table 2
Delivery cost to earth orbit $1,740,000 Derived
Cost in earth orbit $9,822,000 Derived

(1) Reference 3 provides an estimate that carth-to-earth-orbit shuttle payload
costs will be $100/1b in 1980 reducing to $50/lb in 1995, §100/1b was assumed
for this comparison.
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TABLE 4 Page 2 of 2

ALTERNATIVE NUCLEAR-VEHICLE DATA (BASED ON EOS DELIVERY TO ORBIT)

Dry weight 88,500 id Ref. 7
Cost on earth, including cngine $36,000,000 Assumed
Cost in earth orbit $38,350,000 Derived
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vy arad wlth Coscapt 1 1o 14, 20%, 101 019,

Cezpgaving Omcept § wiih Concedt 2 aheus thst, 4 boea concapts,
50 takes 23 ascladr faerics 10 cwsclata Uhe 530-=ission prugran and, in
Suaa, b X, e cabss 3 sd%0lcaal spve englses hareas, La Coneept I,
1T ta%es 35 a0403banal Letzar angfine soleles can Zatiag of Cie “rassure
“¢anal, reacter, aesplo, sre-la szire, cad skicp oitenniea,  Tha progran
Aardiare cost ecduction of 333,000,000 (74,843,00,900-85, /15,320,000,
82l 3) etverdy Tumkepts 2 oamd 3 osould Dawdlcata that up to il amount
sodld ¥ grant to provida J0~-2faglon capibilicy o the upraer engine
aedule 33 to offgat the cost of capabilicy of rerlacing thw lwor ensgine
mrdutd. Altheugh (08,007,209 is 3 slesd'« suz, (T is nop obvicus chat
Cuneert 3 4 voally bottar tha. Coatept 2, The 593,000,000 i3 the tesule
= $175,000 pac =ission and f1 Jiraetly properiiontl to the nucher of
niavions astlasted for the tsesl progres. for csuplyg, L the total
srascan werd asti:uted at 100 missfons instasd of 30 alssions, the nusder
$93,020 .00 would bocoms §12,6,000, Nlso, bacausa a saparation plene
{3 actually vaquirad at the ungioae~vahicle fntcerfaca to provide capabilisy
fov the original angina (nstallacion, the separition plane betwwen the
lowar angine and upper engiune (s & sacond separiation and raquiras additicnal
jolnts and connoctions fan the alactrical control and fnstrumentation
viving, to the piping, and (n structural alosencs of tha engina. The cost
of capadility, which affasts che aconusic trade-aff of vhethar or not
to provida this sccond saparation plana, ifnclude the following Ltens:

(1) Any degradation of cngine veliability resulting from
the additional separation plane,

(2) Any weight increasa and correspounding payload loss resulting
from the additional separation plane,

(3) Any dagradation of performance and corresponding payload
dacrease as a result of the addicional separation plane.
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(%) The cost of providing 20-niscion capability to the

ceasounents of the upper engine nodule, including:

(a) Development through qualification

(b) Cost of space maintenance replacement capability

(5) Cost of the additional separation plane on the engine.

(a) Design and fabrication

(b) Development through qualification

{6) Cost of space capability for replacing lower engine
modula,

Information is not presently available for estimating the above
costs with any reasonable accuracy. Sece Table 7 for the preliminary list
of trade-off factors. These costs, when subtracted from the $98,000,000,
could leave a remainder that would repraesent programmatic savings. Any such
savings would accrue to the program during the acquisition phase in the
late 1970's and 1980's, but some of the costs for obtaining capability to
replace the lowar engiie modules would occur during the development phase
in the early 1970's, Therefore, it is doubtful that a separation plane
dividing the engine into a lower engine module and an upper engine module
will be desirable. It is inadvisable to expend a large sum of money to
acconplish this capability in the current time period.

for Concept 4, it is assumed that, for an unspecified additional
cost of capability, all engine components are maintainable by repair or
replacement and that such maintenance of the engine would result in an
extended life of the engine from 10 to 20 missions to match the maintained
20-mission life of the vehicle as assumed in Concepts 2 and 3. Thus, 25
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TABLE 7
PRELIMINARY TRADE-OFF FACTORS
(BASED ON COST PER MISSION)

1. Cost of delivering payload via nuclear-vehicle shuttle (based on
reference case of 141,500-1b outgoing payload and 300,000-1b LH,

per mission).

Cost Per Payload Cost
Mission Increment

Cost Item (§/Mission) ($/1b_Payload)

Hardware cost of 10-mission nuclear ferry 18,000,000 127

in space at $180x106--Concept 1
Propellant cost of LH2 at 300,000 1b/ 30,000,000 212

mission at $100/1b
Cost of operating crew ? ?
Cost of support (ground and space) ? ?
Amortized cost of engine development 3,000,000 21

until launch/500 mission
Amortized cost of vehiclas development ? ?

until launch/500 mission
Total payload delivery cost/mission $500/1b

(Government estimate - Reference 3)
2. One pount of engine dry weight increase = 2,72 1b of payload decrease

per mission (Reference 10)
Cost = $1,360/mission.
3. One point of steady-state specific impulse (I ) decrease = 734 1b of
payload decrease per mission (Reference 10)
Cost = $367,000/mission.

4, Decrease in reliability due to design for maintainability vs increase

in reliability resulting frowm the capability for maintenance during

the 10-hr-duration requirement.

basis.

This to be evaluated on individual-case



nuclear ferries including 25 engines would accomplish the 500-mission

program. From Table 5, the reduction in program harduarce costs conpared

with those for Concept 1 could be as great as $4,500,900,000. This

represcncs the program savings that weuld occur 1f the unwaintained nuclear
ferry with a 10-misslon life of Concept | were changaed, without any additional
cost for capability, into an unmaiatained nuclear ferr; with a I0-.iission

life. BRecause the coust of maintenancs capability is not included, this
represents an unattainable maximum cost reduction that wight result from
repairing the replaced engine by providing replacement capability for the
engine components. Concept 4 becormes identical with Concept 3 when the
assumption is made that it is a 10-mission-life reactor that must be

replaced to extend engine life to 20 missions. Also, Concept 4 approaches
Concept 2 if additional engine components require replacement to attain

the 20-mission engine life. If for example the maintonance associated with
Concept &4 should entail replacement of the TPA and the lower engine moduel,

the difference between Concept 4 and Concept 2 would only be $52,000,000. This
value is $46,000,000 less than the $98,000,000 difference between Concept 3 and
Concept 2 discussed previously. This cost difference was generated on the basis
of the estimated cost of the spare TPAs delivered in space by earth-oribit
shuttle.

An additional cost-analysis facet to be considered is the possible
savings that could result from the capability of being able to replace a com-
ponent that has experienced an infrequent random fajlure. Such failures will
occur when reliability is less than 100%, but the prubability is quite vmall
that a specific component of the NERVA engine will fail within its normal life
cycle at any time during the 500-mission opetvatioral phase of theflight program.
1f the lower engine module as discussed in Concept 3 is used as an example, the
cost of a spare unit delivered to space would be $9,822,000, The difference
between this figure and the $13,735,000 cost of a complete engine delivered
to space is $3,913,000, This amount represents the hardware savings that
would result only if the unfailed hardware still retained operational life
equal to that of new hardware. In a similar example, if the TPA were the
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component that experienced random failure, the difference between its cost
of 31,6000,000 delivered to carth orbit and the complete engine cost of
$13,735,000 is §$12,135,000. Bocause the cost of such maintenance capability
in space would be hundreds of miilions of dollars, the above values show
that, even L{f three or four such failures werae to occur during the entire
flighe program, it would not be cost-effective to provide engine maintenance

capability beyond that of replacing the complete engine on the stage.

However, as discussed later in this report, the ability to replace
components in the upper module would be worth the cost of maintenance on
the launch pad and during the ground test program. On the launch pad, com-
ponent replacement capability might permit local maintenance instead of
requiring disassembly of a complex array of stages. Before reliability goals
are achicved during the ground test program at the Nuclear Rocket Develcpment
Station in Nevada, the ability to replace a componment represents significant
savings as compared with ilscarding a complete engine when random failure
occurs, especially when existing maintenance facilities such as the E-MAD

building are available,

The incremental effect of hardware costs on payload provides an
interesting perspective on the value of providing replacement capability at
the different levels of assembly. On the basis of an outward-bound payload
capability for the nuclear ferry of 141,500 1b, the cost increment due to
operational hardware cost in Concept 1 is $127,00/1b. This is reduced in
Concept 2 to $68.40/1b, in Concept 3 to $67.10/1b, and in Concept 4 to $63.60/1b.
Excluding the cost of component spures and replacement capability, the maximum
reduction in payload cost that is available from repairing an engine is $4.80/1b,
which is the difference between Concepts 2 and 4. The total cost of delivering
outward-bound payload is approximately $500.00/1b. It is apparent in comparing
these two numbers that only a fractionmal percentage of program cost reduction
is potentially possible by maintaining the engine beyond replacement cf the

engine on the vehicle.

The cost figures discussed in this section are based on a vehicle
delivered to earth orbit by the Saturn V system at an estimated cost
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of $150,000,000 (see Table 4). ‘The total in-space cost of $180,000,000 was
obtained by adding $30,000,000 as the asswred vehicle cost on ground. If
the eventual design of the nuclear vehicle permits carth orbital shuttle
(EOS) delivery of the anuclear vchicle to earth orbit, the comparable cost
of the vehicle in space would be approximately $39,000,000. Although this
reduction would ckange the cost numbers presented in this section, it would

not affect the conclusions.
For example:

Assuming a 500 mission program and EOS delivery of the
nuclear ferry to earth orbit, the unmaintained LO-mission ferry of Concept 1
would have a program operational hardware cost of $1,950,000,000.

Replacing the l0-mission engine onthe ferry and providing other
vehicle maintenance as required to extend the ferry life to 20 missions
(as in Concept 2) results in a program hardware cost of $1,320,000,000. The
reduction in hardware cost of $630,000,000 appears to be sufficient to justify

the provision of capability for engine replacement.

The cost of delivering the nuclear ferry to earth orbit
does not affect any decision of whethev or not to provide additional maintenance

capability to the replaced engine.

¢. How Space Maintenance Could be Performed and Effect on Current

Engine Design

(1) General

Maintenance of the nuclear ferry vehicle and, more

specifically, the NERVA engine in space provides many new problems compared

3
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with maintenance on the ground. These problems stem from the space
environment of hard vacuun and weightlessness and the radiation environment
associated with a nuclear engine that has been operated. an has always
been a major contributor in the performance of maintenance actions on the
ground, and his contribution will be required in space. The solutions to
problems involved with protecting man from the above environments will
determine to a large extent the degree of direct or remote maintenance that
will be utilized in performing mainterance tasks, The total cost of this
maintenance, as discussed in the last section of che report, will influence

the planning decision to either maintain or discard items.

The following types of maintenance capability are candidates
for accomplishing space mainterance actions on the nuclear ferry vehicle
and the NERVA engine.

(1) Provide direct manual capability - space environment,

(2) Provide direct manual capability - shirtsleeve

environment,
(3) Provide human—-operated remote capability.
(4) Provide computer-operated remote capability.
(5) Return defective item to earth for maintenance.

.(6) Provide any or all of above types of maintenance

capability combined into a space maintenance system.
Undoubtedly, the last type of capability will be the

one chosen for space maintenance where the types of capabilities for specific

tasks will be selected on the basis of least total cost. This space
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maintenance system will involve more than the engine and nuclear ferry

and must consider space maintenance requirements of the propellant handling
and servicing facilities, the earth-orbit shuttle, and the earth orbital
station., The design of the space maintenance system that will eventually

be made available in space may have a strong influence on engine design.

The tvpes of maintenance actions to be accomplished in

space are listed as follows:

(1) Routine operational maintenance on stage and engine,

(a) Replenishing of propellants and refurbishing

of stage.
(b) Preoperational checkout.
(c) Postoperational checkout.
(2) Scheduled or Preventive Maintenance
Repalr or replacement of time- or cycle depleted
items,

(3) Unscheduled or Corrective Maintenance

Repair or replacement of items that have failed or

have indicated potential failure.

The following concepts, cecncerning how these types of
maintenance actions might be accomplished, have been examined so major
influences on engine design can be recognized and incorporated in the

definition of the current reference engine.
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(2)

Fngine Space laintenance System — Conceptual

In this section of the study, it {s assumed that

capability for engine replacement on the stage has been provided in the

design of the engine~stage intarface so as to permit rapid replacement

(three days or less to mission readiness). By this maintenance action, the

nean time to repair the nuclear ferry by replacing any malfunctioning part

of the engine in space will be the time required to replace the engine.

This mean time to repair may be reduced if it proves to be cost effaective

to provide additional capability in space or if maintenaunce by a man in

a space suit proves feasible, By assuming an operational event in space

that requires maintenance action and examining some of the alternative

methods of accomplishing this action, it is possible to establish a

preliminary definition of the capabilities rzquired and determine how

engine design might be affected if a specific alternative were eventually

selected., This technique is used in the following portion of this report,

and the following methods for accomplishing space maintenance tasks will

be discussed.

(a)

(b)

(c)

(d)

(e)

Propellant servicing concept.

Pre~ and postoperational checkout

Utilization of man in a space suit.

Maintenance actions involving eungine replacement.

Disposition of an engine removed from space service.
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(a) Pronellant Servicing oacept

A possible pronellant servicing concept is defined by
assuning that the eavth-to-earth-orbit shuttle (208) delivers propellant
to the spaca rropellant station in approxinmately 15-ft-dia by 60-ft-long
tanks (Reference 3). A nupber of thess tanks (twelve are shown in Figure 3)
are used in combinatioa as the servicing duwar for filling the nuclaar-
ferry tank in space. Empty tanks in the dewar system are expected to be
rerlaced by full tanks without interrupting servicing operations. The
whole systen migit be rotated at vary low velocity (approximately 5-£t/sec
perinheral velocitv) so centrifugal forece will supoly pumping action for
delivering »repellant, It is assumed that, after a mission, the nuclear
fervy will dock at this propellant station after cooldowm flow to the

~ngine uas been terminated.

Five to ten nuclear ferries (Reference 3) may be in space
operation at a ziven time. In Figure 3, two of them are shown docked in
the propellant servicing area, with a flux map for 24 hr after shutdown
(Reference 8) superimposed to indicate the resulting radiation field. This
flux map peints up the problem of having personnel enter the vicinity of
more than one anuclear ferry or of working near the propellaant servicing

area.

The purpose in showing this concept is to illustrate a
notential requircment for shielding the engine every tiuwe it returns from
a nission to %e locked in space in the same general area with other engines.
Also, if the nuclear ferry is modified so that modules of these smaller
tanks deliverad by the EOS can be used for the nuclear ferry tank rather f
than a large tank requiring Saturn V delivery, replenishment activities
betweer. migsions will require radiation protection. Potential use of such
a 3hield to effect manual maincenance on the upper engine «will te qiscussed

l 8t(xl.'.
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Figure 3 - Space Propellant Servicing Coucept
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A vazlid requirement to vrovide shielding for the cagine
in space would affect current desizn to the degree that compeonent and piping
arrangements night facilitate or inhibit the cavability of remotely
installing such a shield in a radioactive space environmecut. This vossible
requirement would tend to necessitate (1) a regular outer surface where
a shield seal could be effected to isolate the reactor from the upper ;

engine and vehicle and (2) an engine of reasonably coupact diameter. ;
(b) Pre- and Postoperational Checkout

It is assumed that, before leaving the earth-orbital space
station on a mission, the nuclear ferry will be subjected to a preoperational
checkout. The objective of the checkout would be final verification that
the vehicle and its subsystems were ia complete readiness for the missiom.
The checkout would also be used to verify satisfactory accomplishment of
any maintenance actions taken since *he last mission. If needed, a rost-~
operational checkout would be made after a mission. This checkout would be
sinilar to the preoperational checkout except its purpose would be to
determine requirenents for maintenance that were not defined during the

operational phdase of the mission.

The primary effect on engine desiga would be the care
required in select’ng and providing diagnostic instrumentation. These
requirements can probably be satisfied later during the engine development

program,
(c) Repair or Renlacemeat of Items by a Man in a Space Suit
A possible maintenance action for a man in a space suit

is defined by assuming that a random-type failuvre has occurred on one of

two small, redundant engine components during a mission and that the nuclear
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ferry vehicle has completed the mission and returned to the carth-orbital
base, iaintenance would be required prior to the next mission, (A vehicle
tankage maintenance requirement might be satisfied by this same approach).
Because of the low probability of this type of failure occurring, cost
considerations dictated that naintenance capability not be provided for
remotely removing the component module from the erngine on the ferry.
llowever, with portable shields used to reduce radiacion to tolerable levels
in the vicinity of the defective part, a team of technicians in space

suits could effect the replacement. In doing so, they would reduce the
down time of the vehicle that wculd have been required for engine vreplace-

ment and would make possible full use of the engine life.

In studies to date, provisions for protection against
radiation hazards by shielding have been primarily limited to protecting
passengers and c-ew members during the operational phase of manned migeions,
Preliminary studies (Reference 11, attached as Appeadix A) hzve shown che
feasibility of portable shielding around the engine. Shie¢lding studies
in greater depth are required to determine the types of portable shields
that will be required to protect men at the propellant depet, in the
vehicle crew quarters, and possibly in the orbital space station when
more than one vehicle is in the same vicinity. Similar studies are
also needed to det-rmine if these shields or similar shields could provide
suf ficient protection for direct manual maintenance of the engine or vehicle
forward of the disk-shield location. Man's versatility in performing
direct maintenance could greatly enhance the capability for future
maintenance actions in space. Again, englne design would be affected to
the degree that component and piping arrangements might facilitate ox
inhibit the capability of remotely installing such a shield in space.

(d) Maintenance Actions Involviug Eagine Replacement

Maintenance actions involved with engine replacement are
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deiined by assuming that a nuclear terry vehicle uas returned to the
carth-orbita]l space station with a faulty euwgine component and requires
raintenance prior to the next wissien. The returning vehicle is located
a2 sufficlent distance from the space station to ensure radiation protection
util cooldown flow to the reactor is shuc off. Space tugs then bring
cul a portable shield and pusition it around the reactor, and the engine
is removed from the vehicla, and the space tug takes it away for
disposition, Space tugs bring up and position the replacement engine,
which is also encansulated in a portable shield if radioactive; and the
engine is installed on the vehicle, The installation is checked out to
cetermine that it is satisfactory to go ahead with refurbishment of the
vehicle for the next mission. Final checkout of the installatio s

cenducted as required during the preoperational checkout.

There is azgain a possible requirement for shielding aa engine
that has been operated, co protect perscnnel while disposition actions are

being taken,

The capability to replace the engine on the vehicle in space
appears to be the most inportant maintenance capability to be provided
becaugse the resulting extension of nuclear-ferry life affords significant
cpportunities for reducing program costs. If the concept is chosen wherein

prapellant taunks delivered to orbit by the EOS are then combined into a

§ ot e b

zodule of tanks that bacome part of the uuclear ferry, a change equivalent
to engine replacement would be required aftev euach mission. Also, it might
be more cost effective to make the shielding changes required between

manned and unmanned missions by replacing one tvpe of engine with the other

rather than attempting to modify the shield configuration while the engine

is on the vehicle.

The capability to replace the engine must be accounted for
in designing the engine-vehicle interface and must be provided for in the
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space support equipment ~nd tacilities. Major cost expeunditures would

be justified to achieve fast, engine replacement. Detailed design of

the engine-vehicle intcrface need not Le shown on the current reference
engine, but the requirements must be recognized and, carly in the program,
total coordination of this design with the space cquipment and facilities
must be effected. The engine should probably be replaced on the vehicle
remotely. Enginecering evaluation is required to determine what capability
should be provided by the vehicle and what should be provided by external

space support equipment.

(e) Disposition of an Engine Removed from Space Service

An engine that has been removed from the nuclear ferry
will probably be either discarded or repaired, or mayv be held in a parking
orbit away from the space station to await disposition for discard or
repair. Some alternatives for disposition of such an engine are shown

in Figure 4.

Engines will normally be removed from space service after
their nuclear life has been expended and will probably be discarded. But
engines may be held in orbit uatil it is convenicnt t¢ schedule their
discard. These engines may possibly require shielding to protect personnel
during handling operations, but there are no other apparent influences on

current engine design.

The decision as to whether or not engines that still have
valuable nuclear life should be repaired in space will depend on the
cost effectiveness of providing in-space maintenance capability. As

discussed earlier, the coust effectiveness can not be determined until the
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operaticnal lives of all components are es-ablished and the costs of

space nmaintenance equipment and fscilities are better defined. The
possibility that direct manual maintenance on a removed engine might be
feasible with the use of portable shields must be further investigated,

This feasibility might be enhanced by first allowing the removed engine

to cool down while in a parking orbit. Man's versatility, even in a

space suit, for performing random maintenance tasks without large additional
costs appears very desirable. The possibility of performing space
maintenance operations manually would be facilitated by the apolication

to current design of the guidelines defined in the following section

entitled "Maintenance during Ground Testing."

The use of space maintenance service vehicle or facilities
to perform remote maintenance on the removed eugine is feasible, although
equipment and facilities that are versatile encugh to repair random
component failures appear to be elaborate and expensive, Furth.r
evaluation is warranted to assess such facilities from the standpoint oi
growth potential. A requirement to design the engine so flanges, connectors,
and joints are provided that would permit space replacement of parts by
using present-day manipulaﬁors and their remote tools would drastically
constrain the design. Until the desirability of such a requirement is _
definitely established, the designer should provide only for easy access P
and basic simplicity of remote component removal to facilitate ground
maintenance. If the desirability to replace a component or a number of
components renotely in space is established in the future, the engine

changes should be possible with minimum design perturbation.,

2, Maintenance During Ground Testing

a. Maintenance experience in the Technology Program

Experience gained during reactor and engine testing

-
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in the technology program is directly applicable to ground test maintenance
of the NERVA engine, It is planned to conduct the NERVA reactor and engine
ground tests at the Nuclear Rocket Development Stations in Nevada, where
maintenance facilities, equipment and techniecal capabilities were proved
during the technology program., The following activities are representative

of the type of maintenanca tasks performed in the technology programs

(1) The illusion of nozzle tube damage on a fired reactor,
«s noted by television viewing, biroculars and photographs was proved to
be caused by lighting effects, througli the use of a remotely applied

surface coating.

(2) A bird was remotely removed after it fell into the
upward fizing reactor of NRX/EST (an ergine systems test).

(3) Turee turbine-power-control-valve actuators were

manuallv replaced after partial power operation.

(4) The remote capabilities of the veactor maintenance,
assembly and disassembly facility (R-:AD) were verified during the

disassembly of experimental reactors after iests in the te.haology progcam.

(5) The technology engine XE-P was remotely installed
on Test Stand ETS-1 aund checked out. The engine was then remotely removed
and returned for storage to the engine maintenance, assembly, and disassembly
building (E-MAD) until completion of an underground test, after which
the engine was again trangported to the test stand, remotely reinstalled,
checkrd out, and tested. After the test program, the hot engine was
remotely removed from the test stand and returned to E-MAD for disassembly.
Remota engine removal and reinstallation operations at the test gtand
interface (involving capabilities of making and breaking of fluid couplings,
striyctural connections and in excess of 3000 electrical connections) were
verified,
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6) The turbopump was manually removed and replaced on
the test stand after partial power engine operation by utilizing test-stand

shielding augmented by portable shielding.

(7) The turbime block valve was replaced after a partial

power test.

(8) The capability for remote removal and reinstallation

of the upper thrust structure module ~ “_.oM) was developed in E-MAD,

(9) TFinal remote disassembly and inspection operations
on XE-P in E-MAD have provided much experience that will be applicable to
maintaining a hot NERVA eugine after ground testing. IEncept for remote
replacement of the UTSM, the engine was not designed for remote replacement
of components; and the final disassenbly cculd not have been reversed
into reassemb.v. However, it was shown that the operation of the E~MAD
facility, equipment, and pergonnel will permit remote grourd maintenance
of the NERVA engine.

b. Component Maintenance

The provision for future maintenance of a hot nuclear
engine at the test site definitely influences current engine design. Maintaina-
bility design makes such maintenance possible or impossible, Although it
is doubtful that maintenance in space beyond the replacement of the complete
engine on the stage is justified, remote maintenance capability during
ground cesting will be a valuable program asset. The E=-MAD facility with
its assembly, disassembly and post-mortem bays, equipped with manipulators,
overhead positioning systems, cranes, slings, and other remote maintenance
equipment, was provided for the Technology Program and is available for
maintenance during the NERVA development and qualification program. Since
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facility and equipzment expenditures will be relatively ninor, hardware
cost reductions due to maintenance will result primarily in program
savings., In addition to reducing harvdvare costs, ground maintenance
capability con provide time savings which also represents program savings.
The capability to repair an cngine by replacing components is particularly

effective during the development phase when hardware quantities are limited.

After an engine has been operated at significant power, any
maintenance internal to the pressure vessel and nozzle would be impractical.
Consequently, remote component replacement capability at the site should
be limited to the turbopumps, valves and actuators, the gimbal, and the

control drum actuators external to the pressure vessel.

Tactors that should be considered in current engine

design *o facilitate the replacement of components are as follows:

1, Arrange components, piping, electrical harnesses

and structures to provide optimum accessibility.

2. Avoid loose parts during replacement activities by

designing so parts ara captive ‘o the item being removed.

3. Provide for simpliclty of motions and attachments
in designing replacement capability, For example, use single axis motion

to separate and install items,

4, Keep separation and replacement loads as low as
practical.

5, Where possible, avolid a requirement for sp~rial

equipment or tools and minimize through standardization the number of
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different tools required to accomplish maintenauce operations,

6. Minimize the disturbance of parts or components

tliat are not being replaced.

7. Design for maintenance actions in space should
consider the problem of excessive shock loads that could result from the
initial impact of floating masses as replacement items are brought to the
next assembly for installation. Provisions must be made to avoid contact

at an angle or contact at significant velocity.

8. When practical, incorporate methods of ensuring
precise alignment inwo the design of making parts. Tor replacing the
engine in space a method such as cascaded guide pins will be requived
to effect gross, close, and precise alignment as the engine is brought

to the vehicle for installation.

¢, Modular vs Single-Component Packaging

Single component vs modularized component packaging was

examined as a part of this study to determine the degree of modularization

that should be included in the engine design. These were evaluated from
the following standpoint:

Reliability (number of piping joints)

Logistics

Checkout

Diagnostic instrumentation

Maintenance problems
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Reliability is enhanced bv a reduction in the numbar of piping
joints that is effected by modularization which results in a lower potential

for system leakage.

Logistics does not enter into the evaluation since for either

case, modular or single mount, the total spares would be the same.

Checkout for either case is probably the same although the
installation during a maintenance action of a pre~checked-out mecdule may
require less engine checkout than that needed following a single component
installation. This possible advantage would stem from elimination of

any interaction effects.

Diagnostic-instrumentation considerations should favor modularization
because fewer instruments should be required to pinpooint trouble within a

module compared with pinpointing trouble to cach component.

Maintenance problems are the most important consideration of these
parameters., It is extremely important during mdiintenance work to be able
to remove a component without needing to .ove or remove other equipment. This

aspect of interlocking interfaces is illustrated in Figures 5 and 6.

Thegse figures are overly simplified and are strictly artist's
concepts to illustrate the point. However, Figure 5 illustrates the
difficulty of maintaining a single axis component removal with individual
components and a comparison with Figure 6 illustrates how modularization will

eliminate piping joints.

B e T T,

As a result of this study and engine packaging studies, the

components are grouped for modularization as follows:

The structural support cooldown module consists of the following

components:
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SS3VL
SSBv2
SSCV1
SScv2

Any interconnacting plurbing as required.

NOTE: The 3SCV's perfora as part of the XSS (Specification

No. C? 4775335) but are physically part of this module.

The turbine byvpass control valve module consists of the following components:

BBV1
BBV2
BCVl
BCV2

Any connecting pluwbing as required.

Two TPA modules consist of the following components:

TPA Module #1 . TPA Module #2

TPAL TPA2

TDCVL TDCV2

TBV1 TBV2

PDKV1 PDXVZ

Any connecting plumbing Any connecting plumbing
as required as required

The cooldown supply mcdules consists of the follcwing components:

Csovl
Csov2
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Cscvl {
CSCv2
Ay connecting plurbinz as required,

Single components not iacluded in a module.

PSOvVlL
PSov2

3. Maintenance on the Launch Pad

Nuclear-engine maintenance on the launch pad will be very
similar to that for any rocket engine on the launch pad. The engine will
not have been operatad at powers that would necessitate working in a
significant radiation environment, and maintenance can be performed by

normal work crews using standard tools.

It is anticipated that Lhe nuclear ferry vehicle will have
been asseabled and checked out prior to imstallation on the Saturn V system,
It is also reasonable to assume that this installation will have been
checked out prior to launch-pad delivery of the Saturn V system that will %
transport the nuclear ferry vehicle to earth orbit, Because the nuclear '
engine will not be fired until after servicing in earth orbit, it is i
doubtful that launch-pad checkout of the nuclear engine would be extensive %
enough to reveal faulty operations that weant undetected in the earlier
inspections. However, to save valuable time during these earlier inspections
and to provide for contingencies on the launch pad, the maintainability
guidelines listed in Paragraoh IV.8.2.b, should be incorporated in current
design to reduce the down time resulting from maintenaznce actions identified

by any of these checkouts.



C. SAFETY

The capability for satisfying .FRVA engine safety requirements
is unaffected by the cost t. le-offs evaluated in this report and safety
was not a parameter in the types of decisions that evolved from this

Trade Study.

Safety will be a must important parameter in the eventual
selection of space maintenance concepts that have been discussed in this

repcrt.

Safety requirements applicable to space maintenance operations

and to the design and qualification of space maintenance facilities and

equipments will be as stringent as those applied to the operational hardware

and to mission operations. Dose rates that personnel may encounter during

maintenance activities are discussed in Appendix A.
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APPENDIZ A

ALROJNT LUCLEAR SYSiil(S CO.iPANY
SACRAMANTO, CALIFORNIA

25 itirch 1970

TO: W. E, Stephens/A. D, Coruell 7831: (02401 ICCsvg
PRUA: J. C. Courtney
SUBJECT: Estiinate of Post-shutdown NERVA Radiation Enviro.ment

COPIES TO: D. Buden, R, M, Beattie, C. E. Dixon, V. Durkee, R, V., Evleth,
E. J. Gflchrist, C, K. Leeper, B, Mandell, I, 1. Odgers,
\I. E. Stephens, W, A, Sutter, R, K, Suvain, W, 0. Wetmore

ENCLOSURE: (1) Uashielded Shutdowm Dose Rate Mz
(2) ttachielded Engine Configuration
(3) Shutdown Dose Rate lMap with Engine Disk Shield
4) Jsometric of Side Shield Concept
(5) .Effect c¢i Side Shield on Dose Rate
(6) Side Shield for Vertical TPA, External TS Engine

Configuration

(7) side Shield for Canted TPA, Intcrnal TS Engine
Configuration

(8) Side Shield for Horizontal TPA, Internal TS Eagine
Configuration

(9) Post Shutdown Whole Body Gammna Dose Rates
(10) G-mxa Doce Rates frow Engine Activation Only
(11) ILocatioas of Detectors

Estimates of the post-shutdown NERVA radiation envirorment were made to
support thc maintairability trade study. After shutdown sources censist of
gamas from fission products in the reactor core and activated engine components.
It should be pointed cut that the activation calculations are quite sensitive to
the types and weights of materials used as well as the spectrum and intensity of
incident ncutrons. Accordingly, the activation calculations should be considered
as gross estimates for a given set of assumptions.

Enclosure (1) precsents the gamma dose rates 24 hours after shutdowa for a
NVt without the disk shield. These results are for the configuration shown in
En. tosure (2) based on AGC Dwg 1136390, The results would be the same (within the
sccuracy of the calculations) for other engine configurations without a disk
shield. Fnclosure (3) illustrates the effect of an engine disk shield on the
dose rate contours forward of the core center. MNote that this shield protects
only a very limited volume. Because of the closeness of the contours, a small

movement out of the shadow of this shield could cause a marked increase in the
gamma dose rate.

less restricted access to the engine could be attained with an additional

side or clamshell shield that could be moved in place after shutdown. Enclosure
(4) presents an isomctric view of this concept. The effect of this type of
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APVPESDIX A

W. E. Stephens/A, D, Cornell -2- 25 March 1970

shicld on the dose rate map is seen In Enclosure (5). Side chicld configura-
tions that accommndate vorious engine layouts are shown in Enclosures (6), (7)
and (8). The weights of these cluushell shields is given in Enclosure (9).

Enclosure (9) presents a wore complete plcture of the cffect of these
shiclds on the post chutdein cuvironuent. Neutren activation of engine compo-
nents above the PVARA (forvard of the pressure vassel done) can result in
important sovrces. 7The clamshell shiclds around the pressure vessel and nozzle
would have no effect on this scurce., If the lower part of the engine is shielded,
then the predominant radiation source can be the components above the PVARA,

The estimates of whole body dose given in Enclosure (9) take into account that
the huran body is made up of many point detectors distributed over a volume, So
all parts of the body are not in the sime dose rate field.

An attempt to map the activation dose rate field is prescnted in the next
two cnclosures, Fuclosure (10) presents dose rates at the various points shown
in Enclosure (11) for several times after shutdown from a 10 minute run at full
power., These dose rates are from activation gammas from those engine components
forward of the pressure vessel dome, That 1is, there 1s no contribution from
either activation gammas froa engine below the pressure vessel dome or the
fissicn preduct gemmas in the core. These dose rates are appropriste for point
detectors rather than for huran bodies., Detecters 4 and 5, labeled whole bedy,
are estimates of dose rate at points appropriate to the location of the torso of
a man L{f he was working on the turbopurp assembly.

J. C., Courtney
Ruclear Analysis Group
Engine Systems Dept,

Approved:

y &
(—‘7 "/‘c" :‘:’ L Lty

E. A, Warman, Supervisor
Nuclear Analysis Group
Engine Systems Dept.

56

B
.
[RNUORN R - ‘_*'\ifd",{;, ]
SN TR T ' . ETIE Y o b J‘; |
f

BT O e T
N

e

e
$ 2L



s mer © R N A= e s

sl A4

APPINDEX A

[ USRS R ¥ |
ot o ? ¥

B e e e e e e

S
i
i
i

N

B e e ST Pt L

57

PRI RS A

i

PURNPUIIIRY R

_
[ -
H |
s j i
! N ; i
. 4// ; |
H -t
_ - Lo o0 ey
“ 1 N ..
! i ' i
H H i
SN DO S
t .
i ;
A
| ol
. ‘ :
~ | |
b p e
i R
i 1

RN ARSI IO




(o) vdlsojoud

O24) ey
~u\‘u§§w¢i\§

ICss 0y
~.“§b\\§\s‘\‘l

.
' /
(AL VIIECIA IS E Pl —oee

CIowry 8¢
SMOLWNLIV M 8T FOWiND)

< T ]
.
23
-
DALy LS

LEPINL wd S
-




APPEIX A

- fee i e aree pp v e e, o e v e e camies S S es e e
4
2
ef .
kN ~
<t
.
. | -~
1
N (020 i <e
-4 BINTY 0D b v YIS ! :
N H ~.
Ot Qo 9 14 2 -
.‘ ] t 1 1
.
v B T e I o !
) ~oat 1
| s\ +7
. A\ o *
o \
’ -2
f
!
" l
1
R
. [}
_” 1
.' 1
! i
g el oo
| AU
'
' s i 0
‘;, - - . —°
[\ % . h .
; oAt
L3 . :
2 3% 4 . -
w N«
% 74
é F ¢ —_ PR
~ o -
w Y S > ° ’
V) . 23
2 0 v mmree o\ e
QO r 3
: -4 ¢
(&) i o a
' 2 a5 " NS g
{ z :‘ £ ]
; ; “w g > , | .
0 i N .
w - b =t -
o < R -
1 b ': t \ .
! D 2
; T 2o cremmen o - \:-—-—-q‘ -
("] =
,'('lu\':
[
' I
)
' ’
. . { -~
N, L
~ ‘\',,..-—--.
TN .
- e WYL,
. . . -%
. . N . [}
. . . . -0l
. b
KA K e b v b o e S — *
AK PN
cagur v ¥ & TNV
PR N - et a® wae 4
.. reg
se e um
ST |
s et ks MG
L Y
~.
) - et sl e S St LU B R 2 T R TR T e - e - s - A% R L pan v &

R R T IR o TR DV P SN

s

o aa——— o

e e mee

- ——

-

e - - St t———.




X
3

.E RADIATION SHIELD

ENGE

oM

A ol
e

L
A v

-
P

Lo

"o

a3
)

Lt

PP

60

*h

I

Fnclosure (4)



APPENDIX A

D S Cu autune et

VARSI ARAR NI
ety {120 ,“““ RN
ot - oAV .\\\\\ N ,/; ',/,
‘S, . - X
WO s " RS
AN &
PESA Y STV RN s Wy
[ ( LSS el RSN
‘ ' \Nsszr T : SN
: AL : IR
i : . T SNLLLnLil C
BRIt N : e AN
Tite ...n”..mg.w T PNILTLs e e ~~__ N0IS NOILVICWY
14" Cc i . v . D s i
2 i ——> . NUZZZZeo e HOIH AT3AILIGIHCHd
vt Lo NI e Y
' R I AR AR NRSIREIR
v Y RS
- LS N - .
s A AL SN 23
e it B 7

N\
A
ARRARA

AR R R R R AR AR

/ s
4 _ L s
t
i .

7

7

Y4

7S

s s

Es

\ . s
. / R

”~ 7

s 7

77

i

o

o

77

ot

/S

—
IS T S
i
\_;
AN

NOTO3N
NOILYICVY HOIH

AARARARRRRARR AR AR S8

ANANNANENANCONNSRANANNSNNNNNY S
SRR AR RA R R

61

SN

4 AN

ORY

BN A

Tew 1

AV s00s Jm veiel @

PLY S R TR
PRAT LR BN AR PN s L2
AU Wb o AR e N W

ANYE Ly (R S N

"’,
g

S e =

- v o

PR



o afian

— e A D A IANT SN BT YIETORGASI s IS T SR S e as
= woer e - ¢
ot .

. . -
v (a2l f000¢ [00 26\ [es20 (@304 9 e
vie) . (2 vis, \wi8 ) \ wus, \vas ft 5/ oas, . .
. : ” - -
“ ' |
) .
_ . | i !
H ~ H
~ ﬂ »
. ! |
.m ssommorne"SIATE |
4 - " I/
-
E t 13041 3w
£ POPISIT ST
o~
= 0
-
3 .
-
'
1
)
w .
w N
.» -
RN .o
AP)IIELIN v\z-.q&t\ll
.d
€1 82 \
BaPLLIY PrYS YOTINDD
e e AIWorrs FINOT
“ iaaide #5444 4 lnil\
, " Dy IS
. - P
i -
-
) - ‘. - - -
-

PRSP SEIRR SV Y



rh\. vallouives

5
)
&
+
hp

. _.w"h Kn
|
~zo> I\m < a:5e> g U ey 2093 -~

QIINS NemoAly? w‘\wksi./
a L300 w%\mgsl/ \

.
4 - . * -
! . \
' PINISIT J0. BNl
AR

APPENDIX A

W.
M |

]
\
7
| | VAR
. assw 27230M 4 IVrY ISHISIO @nld ’ B £IIvre ¥
. - s SvRsonsIv PG TowinGI~

ADRINLET LWINE e

v A . -
~e) 12582, N&!Hﬂ.\& 2atew?d

WO NIONRS LON I MIQIN IS/ \
st:oou AVOIIAS TvaIhINFLS

c e s

o

& B 66

SI2v79 &
m gss DL wr MIINDY
e D OH YN ISIC IVIPII L

/ SR (204}
N eI 22C°T IViBNL

[

\\ .

{ ‘
H =i,
. o fa ot
-
bR
y, T AT - s -
..
. 40 . svs
- s s
. s B
. “.. - S
H (O .\.

- . .. . . .
] s
- - ) - -
boe . -1
. ... -
' P ’ .
. N
. y " IwPLIrwLS
Wy = SASNL & IsdR .
¢ $2vse 2 taose)
NI 470 AOE LNTY,
- -




. -
ot v

{ :

o.o.v\
H
. .

K
ATVITI YIS \
LSO RN O

».
p T
b¥ e
[ .
Pl
@ &a for ‘es2 T
low ,lu.‘_.. lr” ’“NM~ '”O "
' i Y ) P
. Y L
' i .« -
- ' - .,Nn..
. ) . -
@ \lu.‘l‘lxwd\rl - :
-y . .. M .
v[I\!H o= PO 5 . 8 i
\ T T ad “ ,
- . N N :
AT A A S e I _.._«Nﬂ..oc.ru s o AL B Bt 2
;’ Y / N \ s h .
s W~ K \ "
' . 2P [N i
- . K m
- -

/
y
¥
g AIW%IA e Te.Ba~ suvey, .\ rl).\—.\f\
; ﬂ. —— Nerd
.-Oﬂ? U
BT WVTENT e — reea R s \f\\
WUt We
LN, Ble=T
YIS MANSADV)- NN \\
SIS T °
*vcon
-
-
T
-
- -
)




e al b

[T

e [PAORU - A i eae Tt T c dwmralwed IULJUD 20 UCIIBALYD ;
YLUp L9YEIA Sunssaxg moTeq syusuodmod sujfus Jo uo«pgc.mg uouz.noanﬂrs m

‘ *sAvp Of pue L 3B S93BI ISOD STGNOP
(23204 TINZ v sajnusw 09 ‘*9°T) sAwp Of upusa uordimsucd 4T 000°00€ *0d (€

‘(SMcd TINg © sasrnutl of ..o.ﬂv STTI0NZ uny UOTISTW AIXal 3ITQI) SNOUCIYIUAS (e
*20%1d U3 SPIOTYS TTOUSWIT) PBI] (T

§310Kwo) /sucTidunssy

ASIT TTI
QT 000‘0T snid ASTT TId CO0“OT
(st 000°‘€9 ~)
TTsUS
L°C = 9°0+ T°0 0't=L0+¢€0 C2=6"T+7T =werd TeITIPUITAD *3ur sqT 00L‘E

ASTQ TeTIIEI

3T 0004 snid ASTIT TOTITEd 000N
(sat 00099 ~ )
« 1194s “
> 8°8 = £L'8 + T°0 . 80T =6°0T + £°0 e =42 + 1 =TBTO TBOTIPUTITAD e °3UI 8QT OOE‘E ©
m" ASTA TeTIIVg
QT 000¢ snid NSTq TerIIed OOL‘E
(83T 000°19~ )
TTo1s -
T°IT = IT + T°0 €€T =€t +€°0 T€ = 0€ + 1 =wsT) 7 Po3IoAUT *3ul sqT 00E‘E
LT = 1T + 6 4E = €T + T2 OfT = 0f + 00T suoy *3uL 8qT 00E‘E
umopInyg uorIvradp
I33JY BUTEIaIUS Burag 2uipToTUS
18304 = UL UE + #*IVAL TU3I0L = dutuug | xWIVAD  TB3I0L = SUTIUY | %VHVAL UCT38INB ;UG
- In3dn ' QY ATZZCN .x.x..nomma...a aTZzZo) Wx.uommb.ra ATZZCN
SAT O% SATE ), SaNCH 42

BASBINYG LDV UL B (IY W) 030 osoQ

SIIVY 3500 VIWWVD XJ0d TTOHM NMOALNHS ISOd

e B Wy S &

v i




e

e T T P R TR T N

gty

(01) @ansolduly

AT? NDIX A

EENU L STRY LY R

.

e v B e

*92TYWIT XN TOEIY3F VNVAJ UT SSTIUTEIIIOUN JO Isnwdaq
PAPNTOUT 30U UOTIBATIOV TWMIAYG Y3 SSUCT® XNTJ UOIINSU TRWIY3I-FAd 03 NP UCTIVATIOV

*UOTAVTNOTBY UCTIBATIO® UT POSH S8XNTI uUOIINIU paamaxadun
‘UOTIBATIO® JZTWIUTW OF PIJOITs 30U STVIINCH

*xoncd TIN 3% senUTW OT X840 398Td 9Yes3 SUOTIBATIOV
*(p93deT8ou axwe s3onpoxd uotasyz ¢*9°1) POIapTSUOD SUTTUS UT 890INOS WOTIVATIOR ATUO
‘PTITUS NSTP Jupdus oy

SUCTIFPUO) /8UCT?H

117

T°0 1°0 €°0 el o°L 06"

T°0 T°0 n°0 €1 "l hon

g°C g°o L1 9°g ch ogn‘e

1°0 g0 et 2°L A 08s ‘1

8°0 €0 22 0°6T (319 00T‘E
en 86 8°9s 09¢ 000°0T
2 €L s°02 €ET 000402
TG T T IS AT 0_

UACDINUS I35y OWTY

yosoxddy
govoaddy
£fpog eTouy
Apog aTouM
39%3uc)
3dowjuc)y

IIVIUOCY

U0373%007]

NNMOQINHS HILIV EWIL QNV NOILVOOT JO0 NOIIOMNI V SV MM/ NI JIvd Is0d

-

N ™M S N W

J03993a]

66




-

1]
-
o e S PN AT S e - . M
¢
t

-l ~ . - -

: TR | . -
,, (0 Woyd L4 2/T-21) SINIOd 3500 HOVO¥dcY O SLNIOd 3SOGQ AGOS 3T10HM O SiINIOd LOVINOD @
N AP Pt T L i GRS AP NI | PSS R B -
T TR TR TS e
m N R " mm w N 0 O NI U 045 ST SIS F RN
f WI TN\TON _r,...nq “_ _...y“. .._. AT 3 g by
A i) — i S T
‘ " ! \ / G m"n - 1 ~ ' ! * f/” s.
” foveer comm 0o i €°ON v
: b . .».JJ - m_ ~. ! ! o .
w " “ Rl | 55 .

67

o e T vt

<
-
S°ON . v ON
O . o
¢ 9°0ON
L ON D
] | h .
$73A37 NOLLYIYY NMOGLAHS 1S0d ayn mmm_





